The role of infectious disease in regulating host populations is increasingly recognized, 28 but how environmental conditions affect pathogen communities and infection levels remains 29 poorly understood. Over three years, we compared foliar disease burden, fungal pathogen 30 community composition, and plant tissue chemistry in the perennial bunchgrass Stipa pulchra 31 occurring in adjacent serpentine and nonserpentine grassland habitats with distinct soil types and 32 plant communities. We found that serpentine and nonserpentine S. pulchra experienced 33 consistent, low disease pressure associated with distinct fungal pathogen communities with high 34 interannual species turnover, and that plant chemistry differed with habitat type. The results 35 indicate that this species experiences minimal foliar disease associated with diverse fungal 36 pathogen communities that are structured across landscapes by spatially and temporally variable 37 conditions. Highly variable conditions associated with fungal species turnover may create a 38 refuge from disease outbreaks for S. pulchra, contributing to the low disease burden observed on 39 this and other Mediterranean grassland species. 40
Introduction 53
How environmental heterogeneity affects species interactions, and ultimately population 54 growth rates and structures, remains a fundamental ecological question. Infectious disease, which 55 arises from interactions between hosts, parasites, and the environment, is particularly likely to 56 vary across populations in differing environments. Biotic 
Quantification of disease 190
To assess plant disease burden, we quantified the percentage of living leaf area exhibiting 191 symptoms of fungal disease in serpentine and nonserpentine populations of S. pulchra. We 192 selected three serpentine grassland sites and three nonserpentine grassland sites such that each 193 serpentine site was paired with a nearby (~170m away) nonserpentine site ( Fig. 1a ). Individual 194 sites within each habitat type were >300m apart and the maximum distance between any two 195 sites was 1600m ( Fig. 1a) . Each year, we randomly placed four 5-meter transects at each 40m showing known amounts of damage on leaves to standardize estimates. Damage was indicated 204 by spots and lesions which ranged in color from dark brown to pale yellow ( Fig. 1b ). Senesced 205 tissue and herbivore damage (commonly in the form of scrapes and holes in the leaf surface) was 206 excluded from the analyzed leaf area. For damage estimates of 5% or greater, values were 207 determined to the nearest 5%. Damage levels below 5% were assigned values of 1% or 0.1%. 208
We used analysis of variance (ANOVA), with individual plants nested within sites, to test 209 for effects of habitat type, year, habitat type x year, and site on log-transformed mean percent 210 disease damage on serpentine and nonserpentine S. pulchra (N = 36 serpentine and 36 211 nonserpentine transects). When ANOVA results were statistically significant, we used t-tests for 212 every possible pairwise combination, with Bonferroni adjustments of p-values to account for 213 multiple comparisons, to identify the interactions contributing to the significant result. 214
Isolation and molecular identification of foliar fungal pathogens 215
To identify the fungal foliar pathogens infecting serpentine and nonserpentine S. pulchra 216 over all years, we harvested one segment of symptomatic leaf tissue for culturing and 217 identification of the putatively causal fungal pathogen(s) from each individual included in the 218 damage survey with symptoms of disease. This tissue segment came from the first surveyed leaf 219 with disease symptoms on each plant. We excised, surface sterilized, and plated a 4mm 2 square 220 of tissue from each sample at the leading edge of infection, to improve the chances of isolating 221 the causal fungal pathogen, on malt extract agar with 2% chloramphenicol to prevent bacterial 222 growth. While it is possible that the growing medium used may have led to selective isolation 223 and sequencing of fungi other than those causing symptoms, our use of small segments of leaf 224 tissue from the advancing margin of disease was intended to prevent this outcome under the 225 assumption that symptom-causing organisms should be dominant in visibly diseased tissue and 226 particularly at its expanding margin. We observed the plates for growth for eight weeks and 227 isolated morphologically distinct hyphae into axenic culture. Six segments of surface sterilized, 228 asymptomatic tissue were plated as a control and showed no growth. We extracted and 229 sequenced genomic DNA from the ITS region for each isolate. Fungal isolation and sequencing 230 methods with ITS1F and ITS4 primers followed Spear and Mordecai 2018. 231 9 comparing assembled DNA sequences to the entries in the UNITE fungal database. To prepare 235 sequences for taxonomic placement, we first trimmed forward and reverse Sanger sequencing 236 reads to a maximum error rate of 5% and then automatically assembled bidirectional reads into 237 consensus sequences with a minimum of 20% overlap and 85% sequence similarity in Geneious 238 (Kearse et al. 2012 ), discarding consensus sequences less than 450 bp in length and/or less than 239 60% in read quality. We grouped the remaining internal transcribed spacer (ITS) sequences into 240 OTUs using USEARCH 10.0.240 (Edgar 2010) and estimated the taxonomic placement of each 241 OTU in mothur v.1.40.5 (http://mothur.org/; Schloss 2009) using the naïve Bayes classification 242 approach (classify.seqs with options: method='wang', cutoff=0, iters=200). We used a 243 bootstrapping confidence score of at least 80% to assign a species name and at least 60% to 244 assign taxonomy at higher ranks. 245
Analyses of fungal community composition 246
To characterize foliar fungal community composition in serpentine and nonserpentine S. To assess spatial turnover in fungal communities, we included a site 258 distance factor in the statistical analyses, with comparisons between sites <600m apart 259 categorized as "near" and comparisons between sites >600m apart categorized as "far" (Fig. 1a) . 260
To account for low culturing success in some transects, we considered the combined isolates 261 from two nearby transects at each site in each year (N = 18 serpentine and 18 nonserpentine 262 communities, generated from 36 total transects per habitat type) to be distinct communities for 263
NMDS visualization. 264
For ANOVA and PERMANOVA analyses we considered the combined isolates from 265 each site in each year to be distinct communities (N = 9 serpentine and 9 nonerspentine 266 communities). When PERMANOVA results were statistically significant, we used pairwise 267
PERMANOVAs with Bonferroni adjustments to p-values to clarify which fungal communities 268 were significantly different from one another (Arbizu 2016). 
Chemical analyses of leaf tissue 283
In 2016, we analyzed C and N content of the foliar tissue of the S. pulchra plants 284 surveyed in serpentine and nonserpentine grasslands. Because both leaf age and infection status 285 might influence leaf chemistry, we collected the youngest fully expanded and entirely 286 asymptomatic leaf of each individual surveyed in the field (N = 60 serpentine, 58 nonserpentine). 287
We dried the samples at room temperature for three months, then at 60°C for 48 hours, ground 288 them to a powder, and then dried them again at 60°C for 24 hours. We measured C and N 289 content of these samples with a Carlo Erba NA-1500 elemental analyzer using atropine 290
standards. 291
To assess the potential for habitat type to mediate plant-pathogen interactions through its 292 influence on plant tissue chemistry, we related habitat type to leaf tissue chemistry of in situ S.
C and N per dried weight of leaf tissue for surveyed serpentine and nonserpentine plants with 295
Wilcoxon rank sum tests. We also compared mean C : N ratio, which is indicative of plant health 296 (Table 1 ). There were significant differences in 313 percent damage between was between 2015 and 2016 and between 2015 and 2017 (2015 mean 314 percent damage = 1.05, 2016 = 1.96, 2017 = 1.94, t-values = -2.66, -3.70, Bonferonni-adjusted p-315 values = 2.5 x 10 -3 , 8.1 x 10 -4 ). 316
Fungal pathogen community 317
We isolated 267 unique fungal isolates from 258 plated symptomatic tissue pieces with 318 fungal growth (144 nonserpentine and 114 serpentine tissue pieces from 36 nonserpentine and 34 319 serpentine transects, out of 360 total tissue pieces). Of the 267 unique fungal isolates, we 320 successfully sequenced 256 isolates. The sequenced isolates clustered into 30 operational 321 taxonomic units (OTUs) based on 97% sequence similarity, representing 23 genera, 15 families, and four of these to the genus level due to a lack of close sequence matches in the UNITE 324 database and/or a lack of taxonomic information for close sequence matches ( Fungal community diversity was similar between serpentine and nonserpentine habitats 332 and between years ( Table 2 ). Although fungal richness was higher at every taxonomic level in 333 the serpentine relative to the nonserpentine, these differences were not statistically significant 334 (Tables 2, S1-S5). Twenty-four fungal species were isolated from serpentine S. pulchra (Fisher's 335 alpha = 9.324, 95% CI = 4.664, 13.983) and 22 from nonserpentine (Fisher's alpha = 7.261, 95% 336 CI = 3.597, 10.925); 16 of these species (53%) were shared ( Fig. 2 ; Tables 1, 2 ). Habitat type, 337
year, and year x habitat type were not significantly related to fungal richness or Fisher's alpha at 338 the site level (ANOVA: Tables S6, S7). Novel genera were isolated for both community types in 339 every year of surveying, with only seven of 30 (23%) observed species and six of 23 genera 340 (26%) isolated in all three years (Table S5 ). Species accumulation curves did not approach 341 horizontal asymptotes for either habitat type, suggesting that neither fungal community was fully 342 described ( Fig. S1 ). 343
Both fungal communities were dominated by a few abundant species (isolated >10 344 times), but the most abundant species differed between nonserpentine and serpentine habitats: 345 these were Alternaria cf. infectoria and Ramularia cf. proteae, respectively (Table 2; Fig. S2 ). 346
The nonserpentine community included five abundant species, representing 62% of the isolates, 347 while the serpentine community included two abundant species, representing 51% of serpentine 348 isolates ( Table 2 ; Fig S2) . The serpentine community had a higher proportion of rare species (<3 349 isolates) than the nonserpentine community, 63% versus 36%, respectively. One Drechslera 350 species was abundant in the nonserpentine community and rare in the serpentine (Table 2; community similarity (habitat type: F-value = 5.112, R 2 = 0.163, p = 0.003; year: F-value = 355 5.655, R 2 = 0.360, p = 0.001; Fig. 3 ; Table 4 ). Serpentine fungal communities were generally 356 more similar to one another than they were to nonserpentine fungal communities, and vice versa 357 (Table S8) . Differences in fungal community 359 composition between years did not correspond to differences in disease severity between years 360 ( Figure 1c , Table S8 ). 361
Interpretation of the significance of variation in values of Morisita-Horn community 362 overlap that fall between zero (no overlap) and one (complete overlap) is a longstanding 363 challenge in community ecology (Horn 1966, Rodrigues and Vieira 2010). Qualitatively, 364 estimates of the Morisita-Horn similarity index for communities within habitat types suggest that 365 the amount of interannual species turnover is more consistent within serpentine than 366 nonserpentine communities (Fig. 3, Tables 2, 3 ). While serpentine community overlap between 367 years ranged from 0.707 to 0.786, nonserpentine community overlap ranged between 0.295 and 368 0.882 (Table 3) . Within-year variation in species turnover between habitat types was 369 comparatively moderate, with Morisita-Horn overlap ranging from 0.535 to 0.725 (Table 3) . 370
Leaf tissue chemistry and disease burden 371
As expected from differences in soil type between habitats, leaf chemistry in plants 372 occurring on serpentine versus nonserpentine soils differed in mean C and N content. Serpentine 373 plants had significantly lower mean C and N content than nonserpentine plants ( Fig. 4 ; Table  374 S9). C:N ratio was similar for plants in both habitat types. Log-transformed mean percent 375 symptomatic tissue was not significantly associated with percent C, percent N, or C:N ratio in 376 asymptomatic foliar tissue for serpentine or nonserpentine plants, based on Pearson's product-377 moment correlation tests (Fig. 4) . 378
Discussion 379
Here we show that a diverse suite of foliar fungi was associated with ubiquitous, low-380 burden damage on host individuals across growing seasons and habitat types. Habitat type 381 appeared to shape fungal community composition in this system, but not foliar disease burden. In healthy leaves differed between habitat types, variation in leaf chemistry did not explain 386 variation in infection severity. The results provide some of the first evidence that local growing 387 conditions structure the pathogen communities infecting a single host species even over 388 relatively small areas of a few hundred meters, where hosts and pathogens experience similar 389 climate conditions (Figs. 1a, 3 ; Table 3 ). Overall, the findings imply that environmental 390 heterogeneity within landscapes may both generate barriers to fungal disease spread in wild plant 391 populations and bolster fungal diversity. 392
Fungal community composition 393
The close proximity of the sampled nonserpentine and serpentine plants and the finding 394 that habitat type, but not distance between sites, predicted fungal community composition 395 suggest that habitat filtering, rather than dispersal limitation, plays a key role in fungal 396 community assembly (Table 4 ). Fungal communities varied between habitats in their 397 composition, and the stability of these communities over time varied between habitats (Figs. 1c, 398 2, 3, S2; Tables 1-4). The results imply that differences in environmental conditions-both biotic 399 and abiotic-beyond climate averages can lead to differences in plant-fungal interactions in 400 distinct habitat types. In this system, influential habitat characteristics might include differences 401 in pathogen sharing among hosts in native-dominated serpentine grasslands versus nonnative-402 dominated nonserpentine grasslands, and in plant genotypes occurring in different habitats. 403
Differences in plant nutrient content between habitat types suggest that soil influence on plant 404 phenotype may also contribute to differences between fungal communities (Fig. 4 ). In addition to 405 C and N differences, potted S. pulchra plants grown from seed and serpentine soils collected in 406 these sites had significantly lower Ca and P content and higher Ni and Mg content than similar 407 plants grown in greenhouse soils, potentially suggesting additional phenotypic differences 408 between serpentine and nonserpentine plants that may affect pathogen community composition 409 
Fungal diversity 513
Compared to other plant species' interactions with both pathogenic and non-pathogenic 514 fungi, S. pulchra appears to host an unusually species-rich community of culturable fungi within 515 its diseased foliar tissue. Where we isolated 30 fungal species, past studies that described fungal 516 pathogen diversity for more than 100 different plant hosts consistently found fewer than 20 517 fungal pathogens per species, and almost all hosts had fewer than ten pathogens (Mitchell and 518 curves that suggest many more species in this community remain to be discovered (Fig. S1) and 529 by the lack of close sequence matches in genetic databases for some of the species isolated 530 (Table 2 ). These findings suggest that the characteristics that make the California Floristic 531 fungi came from 20 genera, 14 families, 7 orders, and 5 classes (Tables 1, S1-S5). 860 year. Serpentine communities are shown in green and nonserpentine communities are shown in 865 blue. Circles, triangles, and squares represent fungal communities sampled in 2015, 2016, and 866 2017, respectively. Ellipses enclose 95% confidence intervals for ordination of serpentine and 867 nonserpentine communities. Community dissimilarity increases with the distance between 868 points. PERMANOVA analysis showed a significant effect of soil type on fungal community 869 composition (F = 3.623, R 2 = 0.0618, p = 0.001). 870 over all three years). The first column lists the factor(s) tested; the second column degrees of 911 freedom (df); the third column the sum of squares (SS); the fourth column the mean squared 912 error (MSE); the fifth column the F-value; and the 6 th column the p-value. P-values < 0.05 are 913 marked with an asterisk. 914 
